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a  b  s  t  r  a  c  t

The  gas-phase  conversion  of  1,3-diols  was  studied  on  catalysts  containing  different  active  sites  and  using
1,3-butanediol  as  a model  molecule.  Transformation  of  the  diol  primary  and/or  secondary  OH  groups  by
dehydration  and  dehydrogenation  reactions  yields  valuable  oxygenates  combining  OH  and  C C, OH  and
C O  or  C  C and  C  O functions,  along  with  other  compounds.  A  series  of  single  oxides  with  different
acid–base  properties,  copper–silica  and  copper-single  oxide  catalysts  were  prepared  by  several  methods
and characterized  by  TPR,  XRD  and  N2O  chemisorption.

Acid–base  oxides  transform  1,3-butanediol  at low  rates.  Oxide  electronegativity  determines  the  main
reaction  pathway:  acidic  oxides  promote  1,3-butanediol  dehydration  toward  unsaturated  alcohols  and
olefins,  whereas  basic  oxides  dehydrogenate-dehydrate  the  diol  toward  the  unsaturated  ketone.

0
cid–base catalysis
opper

The  effect  of  Cu in  monofunctional  copper–silica,  or bifunctional  copper–acid  or  copper–base  catalysts,
is to  increase  the  reaction  rate  and  to  shift  the  reaction  pathway  toward  1,3-butanediol  dehydro-
genation.  The  metal  dispersion  depends  on  the  preparation  method  by  impregnation,  ion  exchange  or
co-precipitation.  Small  Cu0 particles  strongly  adsorb  reactant  and  products  allowing  consecutive  reac-
tions  to  take  place  after  initial  dehydrogenation.  In  bifunctional  catalysts,  the  role  of  the  acid  or  base  sites
is to  promote  consecutive  dehydration-hydrogenation  or  C  C bond  cleavage  reactions,  respectively.
. Introduction

Biomass-derived polyols such as glycerol, ethane-, propane-
nd butanediols present potential applications as natural organic
uilding blocks. These C2 C4 molecules contain primary and/or
econdary hydroxyl groups, and transformation of one in partic-
lar, or all the molecule OH groups can lead to other compounds
sed in organic synthesis.

Reactions like dehydration, dehydrogenation, or tandem
ehydrogenation-dehydration-hydrogenation can convert polyols

nto valuable oxygenates such as unsaturated alcohols [1,2], furans
3], hydroxycarbonyl (aldol) compounds [4–7] and unsaturated
arbonyl compounds [2,8], as well as into olefins [2] and other prod-
cts. The product distribution will depend, among other factors, on
he catalyst acid–base properties and on the presence or not of a

etallic function in the catalyst formulation.
In particular, 1,3-butanediol (1,3-BDO), a C4 diol containing

ne primary and one secondary hydroxyl group, can undergo

ehydrogenation and dehydration reactions giving a variety of
aluable compounds, grouped under different codes in Scheme 1.
ldol products (group HY, hydroxyketones and hydroxyaldehydes)

∗ Corresponding author. Tel.: +54 342 4555279; fax: +54 342 4531068.
E-mail address: dicosimo@fiq.unl.edu.ar (J.I. Di Cosimo).
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© 2013 Elsevier B.V. All rights reserved.

combine OH and C O functions as frequently required in phar-
maceutical and food formulations, and in organic synthesis
intermediates [9,10]; unsaturated alcohols (group UOL) are used
in polymer industry, whereas saturated and unsaturated ketones
(group K) are important intermediates for the synthesis of solvents,
pesticides, terpenoids, as well as steroids, anticancer and other
medical drugs [11].

In this work we  present the results of the gas-phase conversion
of 1,3-BDO on single oxides with different electronegativity. We
report the effect of the oxide acid or base properties on the catalytic
performance and on the reaction pathways.

Conversion of alcohols is known to proceed at higher rates on
catalysts that contain a metallic function in addition to the acid or
base site provided by the single oxide [12]. Thus, in order to inves-
tigate the role of a metallic site in the reaction, copper-containing
catalysts were prepared by different methods and characterized by
several techniques. Copper was chosen due to the known prop-
erties of this metal to preferentially activate the O H bond of
alcohols, giving aldehydes and ketones by dehydrogenation at mild
temperatures without significant C C bond cleavage. The effect of
combining surface species (metallic and acid or base sites) was

studied on a series of bifunctional copper-containing oxides pre-
pared by incipient wetness impregnation and co-precipitation so
that to vary the intimate contact between the metallic function and
the acid or base site. Thus, the participation of Cu0 sites in enhancing

dx.doi.org/10.1016/j.cattod.2013.02.030
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.cattod.2013.02.030&domain=pdf
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Scheme 1. Main reaction pathways

he dehydrogenation performance was investigated in the presence
f surface sites that promote other reactions. In addition, mono-
unctional silica-supported copper catalysts were prepared by ion
xchange and incipient wetness impregnation. Catalytic tests with
hese samples were carried out to elucidate the influence of the
opper particle size on the activity and selectivity.

. Experimental

.1. Catalyst synthesis and activation

Single oxides (MyOx) (MgO, Y2O3, CeO2, Al2O3, TiO2, ZrO2, ZnO
nd Nb2O5) with different acid–base properties were prepared.
igh-surface area magnesium oxide was prepared by hydration
ith distilled water of low-surface area commercial MgO  (Carlo

rba 99%; 27 m2/g) and further decomposition of the resulting
g(OH)2 in a N2 flow for 18 h at 773 K [13]. Y2O3 and CeO2 precur-

ors were prepared by precipitation method at a constant pH of 10.
he precipitates were aged at 333 K, filtered, washed and dried at
48 K overnight [14]. The ZrO2 precursor, i.e., Zr(OH)4 was  obtained
y precipitation of zirconium oxychloride with ammonium hydrox-

de. All these precursors were decomposed in N2 or air at 723–773 K
vernight in order to obtain the corresponding oxides. ZnO was
btained by decomposition of commercial (ZnCO3)2(Zn(OH)2)3
Anedra) in air at 623 K. Nb2O5 was prepared by decomposition
t 773 K of commercial hydrated niobium pentoxide HY340 from
ompanhia Brasileira de Metalurgia e Mineracao (CBMM). Alumina
nd titania were commercial samples of �-Al2O3 Cyanamid Ketjen
K 300 and TiO2 P25 Degussa Hüls AG, respectively.

Cu-based catalysts containing 6–10 wt.% Cu were prepared
y different methods. A silica-supported Cu catalyst (CuSi)
as prepared by ion exchange (IE) through the so-called

chemisorption-hydrolysis” technique [15]. The solid was filtered,
ashed and dried overnight at 363 K. Finally, the solid calcined in
ir at 623 K during 5 h was denoted as CuSi-IE. Another CuSi sample
as prepared by incipient wetness impregnation (I) [12]. After dry-

ng and calcination in air at 773 K, the sample was  denoted as CuSi-I.
sing similar procedures, CuAl-I and CuMg-I were prepared by
s-phase 1,3-butanediol conversion.

impregnation of Al2O3 and MgO, respectively. In addition, catalyst
precursors of Cu-containing CuM mixed oxides, where M = Mg2+ or
Al3+, were prepared by co-precipitation at a constant pH of 10 [12].
After filtering, washing and drying at 363 K, the precipitates were
decomposed overnight in air at 723–773 K in order to obtain the
corresponding mixed oxides. These catalysts were designated as
CuMg-C and CuAl-C.

2.2. Catalyst characterization

BET surface areas (SA) were measured by N2 physisorption at
its boiling point using an Autosorb Quantachrome 1-C sorptome-
ter. The sample structural properties were determined by X-ray
Diffraction (XRD) technique using a Shimadzu XD-D1 instrument.
The chemical content of Cu in all Cu-based catalysts was analyzed
by Atomic Absorption Spectrometry (AAS).

Catalyst base site numbers (nb) were measured by temperature-
programmed desorption (TPD) of CO2 preadsorbed at room
temperature [14]. Samples were exposed to a flowing mixture of
3% of CO2 in N2 until surface saturation. Weakly adsorbed CO2
was  removed by flushing with N2. Finally, the temperature was
increased to 773 K at a ramp rate of 10 K/min. The desorbed CO2 was
converted into CH4 on a Ni/Kieselghur catalyst at 673 K and then
analyzed using a flame ionization detector (FID). Acid site num-
bers (na) were determined by TPD of NH3. Samples were exposed
to a 1.01% NH3/He stream at room temperature until surface sat-
uration. Weakly adsorbed NH3 was  removed by flushing with He.
Temperature was then increased to 773 K at 10 K/min, and the NH3
concentration in the effluent was  measured by mass spectrometry
(MS).

The dispersion of the metallic copper particles (D), defined as
the ratio of the number of surface metallic copper atoms (CuS)
to the total copper atoms (CuT) in the catalyst formulation, was
determined by two consecutive experiments of temperature pro-

grammed reduction (TPR), using a reducing mixture of 5% H2/Ar at
a flow rate of 50 cm3/min. Heating rates of 10 K/min from 298 to
typically 653 K were used. A mass spectrometer (MS) in a Baltzers
Omnistar unit monitored the hydrogen consumption. Thus, from
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Table 1
Physicochemical properties of MyOx , CuSi, CuMg and CuAl catalysts and TOR values for copper-based catalysts.

Catalyst �oxide
a (Pauling unit) Surface area, SA (m2/g) Cu loading (wt.%) Structural analysis by XRD Cu species reducibility

and dispersion
TORg (s−1)

Phases detected De (%) TM
f (K)

MgO  2.12 192 – Periclase – – –
Y2O3 2.27 54 – Bixbyite – – –
CeO2 2.37 75 – Cerianite – – –
ZnO  2.38 33 – Wurtzite – – –
ZrO2 2.51 83 – Tetragonal + monoclinic – – –
Al2O3 2.54 230 – �-Alumina – – –
TiO2 2.63 54 – Anatase + rutile – – –
Nb2O5 2.73 84 – Pseudo hexagonal – – –
CuSi-Ib – 233 7.8 SiO2 + CuO tenorite 4.3 527 1.18
CuSi-IEc – 225 8.5 SiO2 27.5 532 1.15
CuMg-Ib – 31 7.1 MgO  10.9 497 0.80
CuMg-Cd – 198 9.8 MgO  2.0 518 0.65
CuAl-Ib – 172 6.9 �-Alumina 16·3 488 0·71
CuAl-Cd – 211 6.4 �-Alumina 13·9 518 0·65

a Electronegativity.
b Prepared by impregnation.
c Prepared by ion exchange.
d
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fourfold higher compared to MgO. We  found an analogous lack of
correlation for alumina in the conversion of different monoalcohols
on Lewis acid catalysts [12,18]. An explanation for this behavior
might be the fact that the alumina used was a commercial sample
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Prepared by co-precipitation.
e Cu0 dispersion by N2O decomposition.
f Temperature at peak maximum by TPR.
g Mol 1,3-BDO/s mol surface Cu.

he first TPR experiment, the CuT value was obtained. The second
PR experiment was carried out after re-oxidation of the surface
opper metal atoms to Cu2O using N2O and a stoichiometry of
uS/N2O = 2 [16].

.3. Catalytic testing

Vapor-phase conversion of 1,3-butanediol (1,3-BDO) was  car-
ied out at 523 K and 101.3 kPa in a fixed-bed reactor at contact
imes (W/F0

BDO) of 0.2–33.0 g cat h/mol of 1,3-butanediol. Before
he catalytic tests, catalysts were pretreated in a flow of N2 at
23–773 K for 1 h. Then, the Cu-containing catalysts were reduced

n situ in flowing H2 (35 cm3/min) at 573 K for 1 h. 1,3-BDO (Aldrich
C, 99.0%) was introduced via a syringe pump and vaporized into
owing N2 (150 cm3/min) to give a 1,3-BDO partial pressure of
.3 kPa. Reaction products were analyzed by on-line gas chro-
atography using an Agilent 7890A chromatograph equipped with

ame ionization detector and a 0.2% Carbowax 1500/80-100 Car-
opack C packed column. Data were collected every 0.5 h for 5 h.
ain reaction products were identified as 4-hydroxy-2-butanone

HYK), 2-butanone (C4SK), 3-buten-2-one (C4UK), acetaldehyde
C2AL), methanol (C1OL), ethanol (C2OL), acetone (C3K), 3-buten-
-ol (2-C4UOL), 2-buten-1-ol (1-C4UOL), 2-butanol (2-C4SOL),
-butanol (1-C4SOL) and butadiene (BD). Due to a slight catalyst
eactivation process, the catalytic results reported here were cal-
ulated by extrapolation of the reactant and product concentration
urves to zero time on stream. Then, X, Y and S represent conver-
ion, yield and selectivity at t = 0, respectively. Turnover (TOR) rates
re defined as the moles of reactant converted per mol  of copper
urface site and per second.

. Results and discussion

.1. Effect of the catalyst acid–base properties on 1,3-BDO
onversion reactions

Single oxides coded as MyOx were prepared and thoroughly

haracterized by several techniques. The textural and struc-
ural properties of these materials are given in Table 1. The

yOx materials are Lewis acids and the oxide electronegativities
�oxide) were calculated as the geometric mean of the atomic
electronegativities using the Pauling’s electronegativity scale. For
an oxide with the formula MyOx, the bulk oxide electronegativity is
[17]: �oxide = [(�M)y(�O)x]1/(y+x). The surface acid (na) and base (nb)
site numbers of the MyOx catalysts were measured by integration
of the NH3 and CO2 TPD curves (not shown), respectively [14].
Results plotted in Fig. 1 as a function of �oxide show that the nb
values (closed circles) decreased as the electronegativity increased,
from 655 �mol/g on MgO  to 7 �mol/g on Nb2O5. As expected for
the Lewis acidity of the MyOx samples, the na values (open circles)
roughly increased with increasing the oxide electronegativity.

The catalytic performance of the MyOx catalysts of Table 1 was
investigated at 523 K and 101.3 kPa under kinetic conditions, i.e.,
at 1,3-BDO conversions (XBDO) of ≈10%. The 1,3-BDO conversion
rate (rBDO, mmol/h g cat) values were plotted in Fig. 1 as a func-
tion of �oxide (open squares). The activity decreased with increasing
the oxide electronegativity, suggesting that basic oxides are more
active to convert 1,3-BDO. Thus, MgO  was the most active MyOx cat-
alyst of Table 1 with the exception of Al2O3, on which activity was
Electroneg ativit y, χoxide (Pauling  unit)

Fig. 1. 1,3-BDO conversion rate (rBDO) and total acid (na) and base (nb) site num-
bers  as a function of the electronegativity of MyOx single oxides [T = 523 K; P̄BDO =
2.33  kPa].
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nd may  contain impurities. The superior performance of Al2O3
ompared to other solid acids was also reported by Sato et al. [19]
or the conversion of 1,3-BDO at much higher temperatures.

Since conversion of 1,3-BDO on acid–base catalysts gave a large
umber of products, we classified them in two major groups
rising from initial dehydration and dehydrogenation reactions,
cheme 1. However, consecutive dehydration, hydrogenation and

 C bond cleavage reactions also took place. The reactant 1,3-BDO
an undergo dehydration reactions leading to unsaturated alcohols
UOL) such as 3-buten-2-ol (2-C4UOL) and 2-buten-1-ol (1-C4UOL),
hich can be converted consecutively via hydrogenation or dehy-
ration reactions, into saturated alcohols (SOL) or olefins (BD),
espectively. Thus, the dehydration activity (r−H2O) includes UOL,
OL and BD formation. Similarly, 1,3-BDO can be transformed, via
nitial dehydrogenation, in hydroxycarbonyl compounds (HY) such
s 4-hydroxy-2-butanone (HYK) and 3-hydroxybutanal (HYAL).
oth HY compounds can undergo dehydration-hydrogenation to
4 unsaturated and saturated ketones (group K) or decomposition
y retro-aldol-like (RA) reactions giving C1 C3 alcohols, aldehydes
nd ketones. Therefore, dehydrogenation activity (r−H2 ) comprises
ormation of HY, RA and K compounds.

The effect of the MyOx surface acid and base properties on the

ehydrating and dehydrogenating performance was investigated

n Fig. 2, where the selectivities are plotted as a function of the
xide electronegativity. The dehydration selectivity, calculated as
−H2O/rBDO, increased with increasing the oxide electronegativity

2.0 2.2 2.4 2.6 2.8
0.0

0.2

0.4

0.6

0.8

1.0

HY

RA

Electronegativity,  χoxide (Pauling un it)

n
oit

u
birt

si
d

t
c

u
d

or
p

n
oit

a
n

e
g

or
d

y
h

e
D

, r
i /

 r -
H

2

K

A

ig. 3. Product distribution on MyOx catalysts as a function of the electronegativity of My

OL  and BD) [T = 523 K; P̄BDO = 2.33 kPa].
ay 213 (2013) 18– 24 21

whereas the dehydrogenation selectivity (r−H2 /rBDO) decreased.
These results indicate that the main reaction pathway that takes
place on basic oxides is 1,3-BDO dehydrogenation while acidic
oxides predominantly dehydrate 1,3-BDO.

Although the activity of CeO2 followed the general trend as a
function of the electronegativity (Fig. 1), no correlation was found
for the CeO2 selectivity in Fig. 2. In spite of having a high number of
basic sites, CeO2 presents an enhanced dehydrating performance
giving UOL in high selectivity. Sato et al. [19] obtained similar
results when studied the dehydration of 1,3-diols on CeO2 at higher
temperatures (598 K) and attributed this behavior not to the weak
acid–base properties but to the redox properties of this oxide. They
postulated a radical dehydration mechanism with participation of
Ce3+–Ce4+ species in the catalytic cycle.

The distribution of dehydrogenation (ri/r−H2 ; i = K, HY and RA)
and dehydration (ri/r−H2O; i = UOL, SOL and BD) products was  stud-
ied in more detail in Fig. 3A and B, respectively. One of the most
relevant features of Fig. 3A is that regardless of the acid–base prop-
erties, none of the oxides of Table 1 produced measurable amounts
of the HY compounds. Although hydroxycarbonyl compounds (HYK
and HYAL) are the primary products of the dehydrogenation path-
way, Scheme 1, they were rapidly converted into K or RA products
by dehydration or C C bond cleavage reactions, respectively. The
contribution of group K (saturated and unsaturated ketones) pre-
vailed over that of RA and it was  enhanced on more acidic oxides
because K compounds are produced by dehydration of HY. The
unsaturated ketone (3-buten-2-one, C4UK) was  the main con-
stituent (85–95%) of group K because consecutive reduction of the
C C double bond of C4UK toward 2-butanone (C4SK) can proceed
only if surface hydrogen fragments, resulting from 1,3-BDO dehy-
drogenation, are in the vicinity of the adsorbed C4UK species.
The contribution of short chain compounds (group RA), formed
by retro-aldol-like reactions, was  higher on basic oxides such as
MgO  and decreased with increasing �oxide. This result is somehow
expected considering that gas-phase aldol condensation reactions
are known to proceed at high rates on MgO  and to a lesser extent
on more acidic oxides [20].

On the other hand, Fig. 3B shows that, independently of the
oxide electronegativity, UOL compounds were the main dehydra-
tion products on MyOx catalysts. The secondary alcohol (2-C4UOL)
predominated on CeO2 but both UOL compounds depicted in
Scheme 1 were obtained in similar concentrations on the rest
of the MyOx oxides. The fact that 1,3-BDO elimination reactions

proceed with high selectivities even on basic oxides is not surpris-
ing since in a previous work [21] we discussed that on strong solid
bases, monoalcohols can undergo gas-phase water elimination by
a E1cB mechanism with formation of a C C bond. A maximum was
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bserved in the UOL curve at about 2.4 due to the dehydrating
roperties of CeO2, as explained above. On more electronegative
xides, consecutive dehydration of UOL toward olefins (BD) took
lace, thereby decreasing the UOL contribution. SOL formation by
eduction of the C C bond of UOL was not favored on any of the
xides; the slight decrease of the SOL curve is the consequence of
he lower concentration of surface hydrogen fragments on more
cidic oxides.

As a summary, 1,3-BDO can be transformed mainly by dehydra-
ion and tandem dehydrogenation-dehydration reaction pathways
n acid–base catalysts, giving unsaturated alcohols and an unsatu-
ated ketone, respectively. Hydroxycarbonyl compounds (HY) were
ompletely converted to other products regardless of the acid or
ase character of the MyOx oxide.

.2. Role of the metallic site in 1,3-BDO conversion

To investigate the effect of a metallic site on the gas-phase trans-
ormation of 1,3-BDO, two silica-supported copper catalysts (CuSi)
ith similar Cu loadings were prepared by different techniques.

ilica was selected as a support because it does not present any
easurable acidic or basic properties and therefore, the resulting
aterials can be considered as monofunctional metallic catalysts.
The physicochemical properties of the samples prepared by

on exchange (CuSi-IE) and impregnation (CuSi-I) are presented in
able 1. Analysis by XRD of unreduced catalysts, Fig. 4, showed a
ell defined CuO structure (tenorite) in CuSi-I, suggesting that in

his sample CuO is present as large crystals. Contrarily, no crys-
alline CuO species could be detected in CuSi-IE, clearly indicating
hat the ion exchange technique gives rise to well dispersed CuO
pecies. In agreement with these observations, whereas the Cu0

ispersion was 27.5% in CuSi-IE, a 4.3% was measured in CuSi-I.
The results of the catalytic testing of CuSi samples are shown in

ig. 5, where CuO was included as reference. The metal dispersion in
nsupported pure CuO was below the detection limit. Previously, a
lank test using pure SiO2 confirmed that the support was inactive
or performing the 1,3-BDO transformations shown in Scheme 1. No
cid or base site number could be measured on SiO2. Furthermore,
PD of CO2 carried out on CuSi samples indicated that these mate-
ials do not contain measurable amounts of base sites. Thus, CuSi-IE
nd CuSi-I catalysts present only a metallic function, the role of sil-
ca being to disperse Cu and to generate smaller Cu0 particles than
hose of unsupported CuO.

A comparison between Figs. 1 and 5 indicates that CuSi catalysts
ere more active than the acid–base MyOx oxides to convert 1,3-
DO, given that rBDO increased between 20- and 200-fold. As can
e seen in Fig. 5, the order of catalytic activity (rBDO) followed the
rder of the Cu0 dispersion, i.e., CuSi-IE > CuSi-I > CuO. TOR values
alculated for CuSi-IE (1.15 s−1) and CuSi-I (1.18 s−1) were quite
imilar, confirming that Cu0 species are responsible for the catalytic
ctivity of these samples.

Silica-supported copper catalysts and pure CuO convert 1,3-
DO to dehydrogenation products with more than 86% selectivity
egardless of the metal dispersion. However, the distribution of
ehydrogenation products (ri/r−H2 ; i = K, HY and RA) changed
epending on the metal dispersion. For instance, the HY group
black bars in Fig. 5) predominated on the large Cu0 particles of
ure CuO and gradually decreased from 0.64 to 0.47 and 0.37
n the smaller particles of CuSi-I and CuSi-IE. Only HYK was
etected, thereby confirming the preferential dehydrogenation of
he secondary OH function of 1,3-BDO. In contrast, as we  explained
bove, no measurable amounts of HY compounds were detected on

cid–base catalysts, Fig. 3A.

In a previous work we investigated the effect of copper loading
n the dispersion and catalytic performance of silica-supported
u catalysts [22]. We  discussed there that HY compounds are
Fig. 4. XRD patterns of CuSi and CuM catalysts prepared by different techniques.
Al2O3, MgO, SiO2 and CuO included as reference.

unstable under gas-phase reactions conditions. They tend to react
by dehydration or C C bond cleavage reactions on highly dispersed
Cu0 particles due to a strong HY-copper site interaction. Therefore,
on pure CuO, a weaker HY adsorption on large Cu0 crystals would
allow the release of HY to the gas phase before being converted in
consecutive reactions, yielding HY in high selectivity. Contrarily,
the strong HY adsorption on small metal particles allowed con-
secutive dehydration-hydrogenation reactions to take place. Thus,
compounds of group K (white bars in Fig. 5), and particularly the
saturated ketone C4SK, were the main dehydrogenation products
on the highly dispersed Cu0 particles of sample CuSi-IE.

On the other hand, Fig. 5 also shows that RA compounds repre-
sent less than 20% of the dehydrogenation products and that their

formation from HY seems not to be affected by the metal dispersion.

In conclusion, CuSi catalysts dehydrogenated 1,3-BDO at high
rates. Activity and dehydrogenation product distribution depended
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ig. 5. 1,3-BDO conversion rate (rBDO) and dehydrogenation product distribution
ri/r−H2 ; i = K, RA and HY) on monofunctional CuSi catalysts prepared by different
echniques. CuO included as reference [T = 523 K; P̄BDO = 2.33 kPa].

n the dispersion of the Cu0 particles. Ketones (HYK and C4SK)
esulting from the initial dehydrogenation of the secondary OH
roup of 1,3-BDO were the main products, with the hydroxyketone
HYK) being converted to the saturated ketone C4SK on catalysts
ith a higher Cu0 dispersion.

.3. 1,3-BDO conversion on bifunctional CuM catalysts

CuM catalysts with M being Mg  or Al were prepared to represent
ypically, bifunctional metal-base or metal-acid catalysts, respec-
ively. Catalysts with similar copper loadings, prepared by incipient
etness impregnation of MgO  or Al2O3 and by co-precipitation,
ere denoted as CuM-I and CuM-C, respectively. The physicochem-

cal properties of these materials are shown in Table 1. The CuM-I
amples presented lower surface area than the supports, proba-
ly due to a partial pore blockage by copper species during the

mpregnation procedure. The XRD patterns collected for unreduced
uM samples showed broad lines for CuAl samples (Fig. 4) corre-
ponding to quasi-amorphous alumina. On the other hand, CuMg
amples showed only the diffraction signal of MgO. Since no crys-
alline copper phase was detected, copper species in CuM catalysts
ere either highly dispersed on the surface forming amorphous
omains not detectable by XRD or remained closely associated with
he oxide structure after calcination. To investigate the copper-
upport degree of interaction and to elucidate whether copper
auses a surface or a structural promotion in CuM oxides, additional
PR and metal dispersion measurement experiments were carried
ut.

The TPR studies showed that CuAl-I and CuAl-C catalysts com-
letely reduced giving a single reduction peak at ≈490–520 K,

ndicating that copper is spread on the surface forming CuO species.
n agreement with that, moderately high metal dispersions were

easured on these samples, Table 1.
Contrarily, the TPR profiles of CuMg catalysts showed broad

nd asymmetric reduction peaks. In addition, just 33–40% of the
otal copper ions reduced in these samples, suggesting a strong
u-Mg interaction that decreased the sample reducibility and
annot be assigned to a surface species because these samples
ere not fully reduced even at 1100 K. Thus, part of the Cu2+ ions
eems to be in intimate contact with the MgO  matrix giving rise
o a non-reducible mixed oxide. In line with these findings, broad
iffraction lines (Fig. 4) and a loss of crystallinity respect to pure
gO  were observed for these samples (79% for CuMg-C and 88%
Fig. 6. 1,3-BDO conversion rate (rBDO) and dehydrogenation product distribution
(ri/r−H2 ; i = K, RA and HY) on bifunctional CuM (M = Mg or Al) catalysts prepared by
different techniques [T = 523 K; P̄BDO = 2.33 kPa].

for CuMg-I). These effects are likely caused by substitution of Cu2+

for Mg2+ ions within the periclase structure. Calculations of the
lattice constant (a) for MgO  (a = 4.214 Å), CuMg-I (a = 4.222 Å) and
CuMg-C (a = 4.246 Å) showing the expansion of the MgO  lattice in
CuMg oxides, confirmed this assumption since the ionic radius of
octahedrally coordinated Cu2+ (rCu

2+ = 0.73 Å) is slightly larger than
that of Mg2+ in MgO  (rMg

2+ = 0.72 Å) [23]. As a result, the Cu0 disper-
sions were much lower than in the CuAl catalysts (2.0% in CuMg-C
and 10.9% in CuMg-I). Similar low reduction degree has been
observed also for Cu/MgO catalysts prepared by other techniques,
but authors attributed this effect to a high Cu dispersion [24].

The catalytic performance of the CuM catalysts is presented in
Fig. 6. The rBDO values measured on bifunctional CuM catalysts were
≈10–50 times higher than on MgO  and Al2O3 oxides (Fig. 1) and
rather similar to the values on CuSi catalysts (Fig. 5). The improved
activity of the CuM catalysts is the consequence of the ability of the
Cu0 atoms to promote the O H bond cleavage in 1,3-BDO, leading
to a remarkable shift of the reaction pathway toward dehydrogena-
tion reactions, regardless of the acid or base nature of the support.
Thus, Cu in CuMg enhanced the dehydrogenating properties of MgO
increasing r−H2 /rBDO from 0.60 to ≈0.85. Also, Cu in CuAl worsened
the dehydrating performance of alumina, from a r−H2O/rBDO value
of 0.59 to ≈0.15.

Since the presence of Cu0 surface species accounts for the
enhanced activity of CuM catalysts compared to single oxides, cat-
alysts prepared by impregnation (CuMg-I and CuAl-I) were more
active than their homologous prepared by co-precipitation (CuMg-
C and CuAl-C), Fig. 6, because of a better copper reducibility and
dispersion, Table 1. The similar TOR values measured for all the
CuM samples, Table 1, confirm the participation of Cu0 species in
kinetically relevant reaction steps.

On CuAl-I and CuAl-C, compounds of group K were the main
dehydrogenation products (Fig. 6), the majority being the saturated
ketone (C4SK). The slight differences between CuAl-I and CuAl-
C regarding the dehydrogenation product distribution reflect the
somewhat lower metal dispersion of the co-precipitated sample,
in which the more exposed alumina sites interact more strongly
with HY compounds forming K products. This clearly shows the
role of the acid sites provided by alumina in dehydrating the HY
compounds formed by initial 1,3-BDO dehydrogenation on CuAl
catalysts.
The differences between CuMg-I and CuMg-C are noteworthy
in terms of activity (rBDO) since in the latter, copper ions are more
occluded in the MgO  matrix. In these catalysts with poorly or mod-
erately dispersed Cu0 species, the effect of the basic properties of
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gO  is evident in the dehydrogenation product distribution. Both
uMg samples decomposed the HY compounds yielding products
f group RA in high selectivity (rRA/r−H2 = 0.58 − 0.68). The strong
dsorption of HY compounds on the MgO  surface sites caused the

 C bond cleavage in the 1,3-BDO molecule, giving short chain
xygenates similarly to what was discussed above for pure MgO.

The studies carried out with bifunctional CuM catalysts lead
s to conclude that Cu0 surface sites initially dehydrogenated 1,3-
DO at high rates. The final dehydrogenation product distribution
epended on the copper dispersion and on the acid or base nature
f the accompanying cation M.  On the other hand, UOL could not
e obtained with CuM catalysts because the initial 1,3-BDO dehy-
ration pathway is inhibited.

. Conclusions

Biomass-derived 1,3-diols such as 1,3-butanediol can be
onverted into valuable oxygenates by dehydration or dehydro-
enation reactions. Activity and product distribution are strongly
ependent on the catalyst properties.

Single oxides with acid or base properties give unsaturated alco-
ols by dehydration at the primary and secondary OH groups. They
lso completely transform the initial 1,3-butanediol dehydrogena-
ion product, a hydroxyketone (4-hydroxy-2-butanone), into an
nsaturated ketone (3-buten-2-one) after consecutive dehydra-
ion, regardless of the acid or base character of the oxide. Surface
ase sites, on the other hand, favor the C C bond cleavage lead-

ng the aldehydes, alcohols and ketones with lower carbon atom
umber.

Bifunctional copper–acid or copper–base catalysts convert 1,3-
utanediol at much higher rates compared to single oxides. The
nhanced activity is assigned to the ability of Cu0 atoms to promote
he O H bond cleavage, shifting the reaction pathway toward dehy-
rogenation reactions. Thus, catalysts prepared by impregnation
re more active than the co-precipitated counterparts because of a
etter Cu0 particle dispersion. The dehydrogenation product distri-
ution depends on both, the copper dispersion and the acid–base
roperties of the support. Thus, copper–Al2O3 gives mainly the
ydroxyketone and the saturated ketone (2-butanone), but in addi-
ion to those products, copper–MgO forms products of lower carbon
tom number. Studies on monofunctional Cu-SiO2 catalysts indi-

ate that the Cu0 dispersion plays a major role in determining the
nal dehydrogenation product: the hydroxyketone is inevitably
onverted to the saturated ketone on highly dispersed Cu0 species
ecause of a stronger hydroxyketone-surface site interaction.
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